Explicit simulations of protein evolution, where protein chains are described at a molecular, although simplified, level provide important information to understand the similarities found to exist between known proteins. The results of such simulations suggest that a number of evolutionary-related quantities, such as the distribution of sequence similarity for structurally similar proteins, are controlled by evolutionary kinetics and do not reflect an equilibrium state. An important result for phylogeny is that a subset of the residues of each protein evolve on a much larger time scale than the other residues.
I. INTRODUCTION
The scope of evolutionary biology is quite ambitious: starting from the analysis of fossil records, to reconstruct the whole process which took place over billions of years.
1 New insight towards the fulfillment of this quest has come from the molecular description of the genetic information as well as of proteins ͑cf., e.g., Refs. 2, 3 and references therein͒. In particular, the major advantage in focusing on the molecular evolution of proteins is the soundness of the corresponding information. In fact, genomic and proteomic studies are providing large amount of detailed and consistent sets of data. The resulting protein sequences and structures can be compared in a qualitatively unambiguous fashion, and their degree of similarity assessed arguably more easily than in the case of complex organisms.
One of the main problems in studying the evolution of proteins is that their sequence, which is directly linked to the genotype, cannot be mapped in any simple fashion onto their structure, structure which determines the phenotype. This problem ͑that is the protein folding problem͒ has been studied in depth for the last few years, leading to important findings, 4 -7 findings which can be used at profit to shed light over aspects of protein evolution. The use of simple models to investigate how protein sequences and structures change during evolution has been widely developed in Refs. 8, 9 . The results of simulated evolution, analyzed at the light of the whole simulated evolutionary process, may provide new tools to study the history of real proteins and a benchmark to test the variety of hypotheses assumed in such studies. In keeping with these expectation we shall analyze by means of a lattice model of proteins the evolutionary dynamics leading to the creation of structurally similar proteins, as well as the associated sequence similarity. Moreover, special attention is paid to the role of different parts of the protein play in the evolution process.
II. THE MODEL
We represent a protein as a chain of beads on a cubic lattice. 4 -7 The beads, representing the amino acids, can be of twenty types and interact through the potential
where r i and i are, respectively, the position and type of the ith amino acid. The contact function ⌬(͉r i Ϫr j ͉) takes the value 1 if the ith and jth amino acid are neighbors in the lattice but not consecutive along the chain, and zero otherwise, while two of them are not allowed to occupy the same site. The quantity B( i , j ) is the element of a 20ϫ20 matrix, which sets the interaction energy between each pair of amino acid types. While the precise choice of the matrix is not critical, 10 we use, in what follows the matrix listed in Table VI of Ref. 11 . The evolutionary dynamics is implemented by means of a selective pressure focused on the folding ability of proteins. Starting from a given ''ancestor'' protein, a point mutation is performed at random in its sequence. Three Monte Carlo simulations of the mutated sequence are carried out in conformational space, in order to assess whether the resulting sequence folds to a unique native conformation and whether this conformation is stable. More precisely, we require that the lowest energy conformations found in the three independent runs display a similarity parameter q str larger than 12 0.7. We also require the stability P N of this conformation, defined as the relative amount of time that the protein spends in this unique conformation, to be larger than a threshold value P th . If the mutated sequence satisfies such a requirement, the mutation is accepted. This procedure is repeated for 5ϫ10 4 evolutionary steps ͑ES͒. The set of ͑folding͒ sequences generated through this procedure are collected and their properties analyzed.
The necessity of a simplified model arises due to the high computational cost of testing at each step the folding ability of the mutated protein. It is also for this reason that the simulations are performed at a temperature (Tϭ0.28, in the units of the interaction matrix and setting Boltzmann constant equal to 1͒ which causes the folding to be particularly fast, although the stability of the native state is only marginal. The acceptance rate of point mutations decreases as a function of the stability constraint P th . It takes the value 0.32 for simulations performed setting P th ϭ0 ͑no stability constraint͒ and gets down to 0.11 setting P th ϭ0.15. This will be the maximum constraint used for the simulations, again for computational cost reasons.
The model of evolutionary dynamics described above accounts only for the folding properties of proteins, and not for other selective features, such as their function and interaction properties. On the other hand, the ability to fold and to be stable are necessary conditions a protein must satisfy, and consequently provide a basic framework for studying protein evolution.
III. PROPERTIES OF STRUCTURALLY SIMILAR PROTEINS
In order to analyze the results of the simulations, we make use of two parameters q seq and q str , which measure the similarity between pairs of sequences and between pairs of native conformations, respectively. They are defined as
where the function ␦ assumes the value 1 if the ith site of the protein is occupied by the same kind of amino acid in both the sequences ͕ i ͖ and ͕ i Ј͖, and zero otherwise, while N is the length of the protein. To simplify the alignment of the sequences, we will consider all proteins of the same length, although a generalization is straightforward and can be treated with standard alignment tools. We also define q str ͕͑r i ͖,͕r i Ј͖͒ϭ
where ⌬ is the contact function defined above and n c
͔ is the numbers of native contacts which, between the two proteins, is largest. Simulations of evolution starting from a folding sequence ͑that of Ref. 10͒ are performed for 5ϫ10 4 ES, using different stability constraints P th . The distributions of sequence similarity q seq calculated comparing each pair of structurally similar proteins (q str Ͼ0.7) generated in 5ϫ10 4 ES at each value of P th are presented in Fig. 1 . These distributions are stationary ͑as shown in the following section͒ and represent the sequence similarity of the whole ensemble of structurally similar model proteins selected by evolution, that is, current-day proteins ͑within the framework of the model͒ and all their ancestors. The distribution associated with the simulation without stability constraint ͑dotted line͒ is sharply peaked around q seq ϭ1, indicating that in this case proteins displaying similar structure are only those with very similar sequence. The dotted curve in the inset to Fig. 1 , showing the corresponding distribution of time distance be-FIG. 1. The stationary distribution of q seq for structurally similar conformations ͑i.e., q str Ͼ0.7) obtained comparing each pair of sequences generated by simulated evolutions without stability constraint ͑dotted curve͒, with a stability threshold P th ϭ0.05 ͑dashed curve͒, and with a stability threshold P th ϭ0.15 ͑solid curve͒. In the inset, the probability distribution for the time distances between similar conformations in linearlog scale.
tween structurally similar proteins, also indicate that these are very close in evolutionary time ͑the distribution drops to zero in 50 steps͒.
As the stability constraint is made finite, the peak in the distribution of q seq shifts towards lower values. At P th ϭ0.15 it displays a peak around q seq ϭ0.4, associated with proteins displaying low sequence similarity but high structural similarity, and a long tail towards higher degrees q seq . The latter result ͑i.e., that at P th ϭ0.15) is qualitatively in agreement with the fact, well known to biologists, that, as a rule, there is a large number of dissimilar sequences displaying the same native conformation. In making this comparison, one has to be aware of the fact that, for such short model proteins as the 36mers employed here, the limit of dissimilar sequences is already reached at q seq ϭ0.4 ͑see below and Ref. 13͒, due to the low number of degrees of freedom in sequence space, while in the case of longer proteins one usually speaks of dissimilar sequences when q seq ranges between 0.2 and 0.3. From this point of view, the absence of pairs of highly dissimilar sequence (q seq Ͻ0.2) in Fig. 1 is likely to be connected with the short length of the chain ͑note, however, that simulations with longer chains are so far out of question, due to their high computational cost͒.
The overall picture which emerges from the model results is that pairs of structurally similar model proteins most likely display quite dissimilar sequences (q seq ϭ0.4), less likely display higher sequence identity ͑up to q seq ϭ1), and seldom display sequence identity below q seq ϭ0.4. Note that this result does not imply that designing a pair of model proteins with the same fold and q seq ϭ0.4 is easier than designing proteins with larger or smaller values of q seq , but only implies that structurally similar proteins which belong to an evolutionary trajectory display preferably q seq ϭ0.4. This is because, as will be discussed in more detail later, evolution arises from the competition between two effects, due to the fact that accepted mutations change both the sequence ͑thus lowering q seq ) and the structure ͑lowering q str ) of proteins.
14 Consequently, although in principle it is possible to design pairs of structurally similar proteins displaying any value of q seq , it is not granted that this pair belongs to a stationary solution of evolutionary dynamics.
A straightforward result of the simulations performed at P th ϭ0.15 is that, while dissimilar sequences can give rise either to dissimilar or to similar conformations, similar sequences produce similar structures. In Fig. 2 is displayed the distribution of structural similarity q str for pairs of sequences displaying q seq Ͼ0.6, showing that the probability that such pairs correspond to structurally dissimilar proteins is low. This result can be compared with the findings by Sander and Schneider, who have shown that two proteins of length ϳ30 and sequence similarity larger than 0.5 are necessarily structurally similar 13 ͑this threshold is length dependent and decreases to 0.2 for alignments larger than 100 residues͒.
IV. EVOLUTIONARY DYNAMICS
An interesting fact associated with model evolution simulations is that it is possible to study directly the dependence of sequence and structural properties on evolutionary time. In the following we will study a simple model of evolution, where the protein at evolutionary time t is generated by a point mutation from the protein at evolutionary time t Ϫ1. This is meant to describe a single branch of the evolutionary tree. A more realistic model which allows for branching consists in choosing as parent to the protein at time t any of the proteins already generated. Since this model makes the study of dynamics more complicated, we will now concentrate on the in-line model and leave the branching model to a later work on the description of the statistical properties of evolutionary-generated networks.
Useful quantities for the study of the dynamics are the sequence similarity ͗q seq (⌬t)͘ and the structural similarity ͗q str (⌬t)͘ between pairs of proteins separated by an evolutionary time ⌬t, averaged over all proteins produced in the simulation. These two quantities are displayed in Fig. 3 as a function of the evolutionary time, and for different values of the stability threshold P th . From this figure it can be seen that all the curves decrease monotonically. In the case of P th ϭ0 ͓Fig. 3͑a͔͒ and after 10 3 ES ͗q seq (⌬t)͘ reaches the value Ϸ0.05 corresponding to pairs of completely uncorrelated sequences, while ͗q str (⌬t)͘ falls to Ϸ0.10, a situation which describes the case of two structures having little in common except the fact of both being compact. 15 This implies that, after a number of evolutionary steps, proteins lose sequence and structure similarity.
The persistence in evolutionary time of sequence and structural similarity depends on the stability requirement P th . At zero or low values of P th , structural similarity decays faster than sequence similarity, and consequently structurally similar proteins are only those displaying high sequence similarity. Increasing the threshold P th , one observes a crossover ͓at P th Ϸ0.08, cf. Figs. 3͑b͒ and 3͑c͔͒ where structural similarity starts decaying slower than sequence similarity. This produces structurally similar proteins with low sequence similarity.
The structural and sequence similarities are well fitted by the sum of two exponentials, in the form FIG . 2. The distribution of structural similarity q str for proteins generated at P th ϭ0.15 and displaying q seq Ͼ0.6.
and the parameters obtained by from fit are listed in Table I . This is consistent with the results of Ref. 16 , which highlight two different time scales in the evolution of real proteins ͑cf. also following section͒. If we subscribe to this interpretation, we can conclude that structural changes take place at two different time scales, that is a and b . Part of the protein, involving between one fourth and one half of the contacts ͑cf. 2nd column in Table I͒ , changes in few evolutionary steps ͑cf. 3rd column in Table I͒ . The rest of the protein changes in times which are consistently longer and increase as the stability constraint is increased ͑cf. 5th column in Table I͒ . This suggests that only a part of the contacts is involved in the overall stability of the protein, while the rest is essentially free to rearrange.
The dynamics found for ͗q seq (⌬t)͘ and ͗q str (⌬t)͘ can help in understanding the distribution of q seq for structurally FIG. 3 . The dependence of the average quantity ͗q str (tϪtЈ)͘ ͑black curve͒ and ͗q seq (tϪtЈ)͘ ͑gray curve͒ associated with simulations ͑a͒ without stability constraint, ͑b͒ with P th ϭ0.01, ͑c͒ with P th ϭ0.10, and ͑d͒ with P th ϭ0.15. The plots are in linear-log scale. Dashed curves indicate the fit made with a double exponential function ͑see text͒. 
This analytical distribution p(q seq ) displays a long tail towards q seq ϭ1 and a sharp cutoff towards low values of q seq . Using the parameters listed in Table I one obtains, in the case of p th ϭ0.15, a cutoff at q seq ϭ0.45, consistent with the distribution obtained from the simulations and displayed in Fig.  1 ͑solid line͒. The main difference between the analytical and the computational distributions is that in the latter the cutoff is blurred due to the fluctuations that we have neglected in the mean-field treatment.
The distribution of q seq for structurally similar natural proteins has been analyzed by Rost in the case of four entire genomes, 17 the corresponding results being displayed in Fig.   4 . These distributions are more strongly peaked than that predicted by Eq. ͑5͒. The difference between the present theory and experimental data could be associated with the assumption done of an in-line evolution, not allowing for branching. In other words, at each evolutionary step we retain only the last protein, neglecting its past history and picturing evolution as a one-dimensional process. A more realistic model would take into account the fact that several different protein can fixate during evolution and simultaneously produce offsprings. If this is the case, the most appropriate topology for evolving protein is not a chain but a branching tree. Since we are describing the set of evolving proteins as a dynamical process, it is necessary to compare all pairs of proteins, and not just the end-points of the tree. In order to make this calculation easier, avoiding border effects, we choose a Bethe lattice topology with coordination number k ͑i.e., a lattice where each site is connected to k neighbors and there are no loops͒. In such a topology, each protein is connected through ⌬t evolutionary steps to other k ⌬t proteins, picturing in this way the bulk of a branching tree. Repeating the same calculation as for Eq. ͑5͒ one obtains
where T is the unit used to measure time distances on the lattice. The solution of this equation decays as
providing a distribution which is more peaked at small values of q seq than the distribution associated with Eq. ͑5͒. The experimental data are well described by Eq. ͑6͒ provided that k is of the order of 10 ͑cf. Fig. 4 , where the values of k are found by mean of a least square optimization͒. The genetic data, at the light of the present model, testify for a tree topology associated with a structure evolution very rich in branches. Of course the value of k we obtain has to be regarded as a mean value, and little can be said about its fluctuations just from the plots displayed in Fig. 4 .
Another difference between the present model and genetic data is that, while in the former all pairs of sequences generated in the evolutionary process are compared, in the latter one considers only the currently living offsprings. In other words, the present model does not implement an extinction mechanism which eliminates individuals as a consequence of some kind of natural selection. The reason for this choice is that such a mechanism would require a characterization of model proteins which goes beyond the mere folding properties and selection rules which hardly would be under control, while a quality of the present model is to be simple. Thus, the approximation we have employed is that any protein has the same probability of surviving in evolution, provided that it folds to a stable conformation. What we have shown is that it is possible to explain the shape of experimental curves on the base of folding properties only, providing a good starting point to build more complicated theories.
Note also that the rather high values of k found for genetic data could again reflect the heterogeneity of fitness of different proteins associated with features which are not considered in the present model. In other words, evolution could have selected correlated proteins because of their ability to carry out some biological task, because of their reluctance to aggregate, etc., giving rise, in such a way, to large values of k.
V. EVOLUTION OF PROTEIN CORE
In the following it will be shown that stable proteins display a kernel of strongly interacting sites, localized in each protein conformation, which have a persistence time larger than that of both sequence and structure similarity. In order to locate those sites which mostly attract their neighbors, and consequently are likely to make major contribution to the stability of the protein, we define for each site i a parameter
where ⑀ i ϵ ͚ j B( i , j )⌬(͉r i Ϫr j ͉) is the total interaction of an amino acid with its neighbors, ⑀ min and ⑀ max are the minimum and the maximum of this quantity in a given protein.
The distribution of h(i) for all sites of all proteins in the simulated evolution displays a bimodal shape whose minimum is 0.5, indicating a well-defined cluster of stabilizing sites. Due to their energetic properties, the sites displaying h(i)Ͼ0.5 are likely to be key elements in determining the stability of the protein. In comparing the results of the present model with experimental findings, one could make the ansatz that these sites are the ''core'' of the protein, that is, the subset of the residues that maintains the backbone of the structure at temperatures close to the folding transition temperature. 18, 19 In the case of small globular proteins the core is often, but not always, identical to the folding nucleus. This is the case for our starting protein. 20 The ansatz is supported by physical intuition and by detailed analysis of few cases, 21, 22 out of course the rigorous proof can only come from the analysis of all the proteins which build out an evolutionary trajectory, which is computationally too demanding. Note also that, although the position of the core is necessarily correlated with the number of contacts of its residues, using a complicated interaction matrix as that of Ref. 11 there is not a trivial partition of the core between bulk and surface sites. 23 The similarity in the energetic pattern defining the core of a pair of proteins ␣ and ␤ can be defined as
where is Heavside's step function and N is the length of the protein. In Fig. 5 is displayed the decay of ͗q core (⌬t)͘ obtained from the simulation at p th ϭ0. 15 , similarly to what done for the sequence and for the similarity in the pattern of contacts. A good fit for this function is a double exponential
The second term of this function indicates that, in average, 15% of the residues of a protein build a strong energetic pattern which stays in place for more than 2000 ES, approxi- mately three times the persistence time of the whole sequence and of the structure of the protein. The result contained in Eq. ͑9͒ thus indicates that the position of the core survives not only to the variation in protein sequence, but also to the structure, so that different folds can conserve a similar position of the core ͑but not necessarily the same types of amino acids͒. The first term of Eq. ͑9͒ describes a fast process which takes place at the same time scale of the variation of the typical amino acid ͑cf. Table I͒ . It involves a tiny amount of residues and is likely to be associated with the approximation done in locating the core by mean of Eq. ͑7͒.
The distribution of values of h(i) associated with the sites where mutations are accepted is displayed in Fig. 6 . Accepted mutations are mostly localized in sites not belonging to the core. Only 3% of accepted mutations are localized in the core and they are usually mutations which substitute an amino acid with another displaying similar energetic properties ͑e.g., E with D, K with R͒. It is difficult to assess any correlation between the value of h(i) in the parent and in the offspring conformation ͑i.e., before and after the mutation͒.
We have repeated this calculation with a random interaction matrix instead of that of Table VI of Ref. 11 , obtaining similar results, but with a negligible amount of accepted mutations in the core, as expected since in this case there are not amino acids displaying similar energetic properties. These results testify to the fact that our findings are independent on the particular realization of the interaction matrix.
In order to test the role of the core in the evolution process, we have repeated the simulation of evolution allowing mutations only in sites with h(i)Ͼ0.5. The result is that the protein fold remains fixed and equal to the initial one (͗q str (⌬t)͘ϭ1). On the other hand, if we allow mutations only on those sites which display h(i)Ͻ0.5 we obtain a ͗q str (⌬t)͘ very similar to that of the unconstrained evolution
Note that stable proteins never display large structural changes associated with single mutations, almost all steps of the P th ϭ0.15 simulation displaying q str Ͼ0.7. Only in four cases ͑out of 5ϫ10 4 ES͒ the structure of the protein changed by a consistent amount (q str ϭ0.5). This fact is mainly associated with the stability constraint. In fact, decreasing to zero the value of p th , the distribution of q str associated with point mutations moves from a peak sharply centred at q str ϭ1 to a broad distribution which reaches q str ϭ0.2.
These data suggest a picture for the evolution where the position of the core is conserved for a longer period ͓e.g., 2297 ES in Eq. ͑9͔͒ than the sequence and even the conformation, in such a way that proteins displaying different folds can have the core in the same position. The position of the core could thus be used to assess the evolutionary relationship between proteins whose sequence and structural similarity is low. Snapshots of the evolution of the core are displayed in Fig. 7 , the core being the cluster of residues colored in dark grey. Moreover, in the present model evolution seems not to proceed by mutating residues belonging to the core, which anyway would destabilize to a large extent the protein. Even mutations of wild type residues with residues which are chemically similar seem to be tolerated, but do not drive evolution, as testified by the fact that preventing substitutions in the core does not affect evolution in any way. On the contrary, sequence mutations in sites outside the core produce small structural changes. The accumulation of such changes allows the protein to change fold. The position and the kind of amino acids which build out the core changes as consequence of the evolution of the surrounding residues, some of them being stabilized and absorbed into the core, while some residues of the core being downgraded by unfavorable interaction with the surrounding amino acids. In other words, the only mechanism which can drive structural evolution within the framework of the present model is that the shell of residues surrounding the core change it, by inclusion and erosion. This effect is displayed in Fig. 8 , which shows how the energy parameter per site h(i) changes with evolutionary time. The darker columns indicate the core sites, where the stabilization energy is concentrated and which are quite persistent. Sometimes a darker column is interrupted and a new one starts, indicating that the core is moving ͓cf., e.g., the switch between sites 2 and 3 after ϳ3800 ES, corresponding to the switch between structure ͑b͒ and ͑c͒ in Fig. 7͔ . Comparing the results displayed in Fig. 8 with the associated native conformations, it emerges that the core remains a compact cluster of spatially localized residues ͑although not localized along the sequence͒ throughout the whole evolutionary dynamics. Another mechanism which could change residues in the core, but is not allowed in the present model, is by multiple mutations. 18 Correlated mutations could move some of the most stabilizing residues in toto, making the protein effectively cross the energy barrier in sequence space which separates two stable proteins. One can make a rough estimate of the time scale over which this mechanism can move the core: consider that it is composed of 1/4 of the amino acids of the proteins, that one can change it with four coordinated mutations and that the probability that each mutation is productive is 1/10. The resulting time scale would be 40 4 Ϸ10 6 ES, to be compared with the time scale 10 3 ES associated with the inclusion-erosion mechanism. That of multiple mutations would be definitely a rarer strategy, but not negligible over evolutionary times, proteins adopt to move the core, and consequently need a more careful investigation.
VI. DISCUSSION AND CONCLUSIONS
We have developed a model for protein evolution which describes explicitly, although in a simplified way, the molecular structure of proteins. The model is based on a selective pressure focused on the folding properties of the evolving proteins. In spite of its simplicity, it reproduces a number of features observed in the analysis of real proteins, such as the distribution of sequence similarity for pairs of structurally similar chains, the presence of many structurally similar proteins displaying low sequence similarity, and, as will be described in a another paper, the evolution of protein designability 24 and the topology of the structural network. From the analysis of the simulated evolutions it appears that the macroscopic features associated with the system ͑e.g., distribution of sequence similarity, etc.͒ do not reflect thermodynamics equilibrium in the space of proteins, but only a stationary state of evolution. In other words, they do not depend on time because of a dynamic balance between different factors, not because the system has sampled a consistent part of protein space. Using physical language, probability does not depend on time, but the probability flux is not zero. The first consequence of this fact is that all the time-independent quantities associated with evolution depend on the time constants ͑i.e., a , b , etc.͒ of the system and, possibly, on the initial conditions ͑i.e., the progenitor protein͒, something that would not happen if equilibrium were reached. This conclusion disagrees with that of Rost in Ref. 17 and with the hypothesis that many more protein sequences than folds are known because different folds display at equilibrium different weights due to different FIG. 7 . Three snapshots of the evolutionary dynamics at P th ϭ0.15. ͑a͒ The initial structure, where the most interacting residues are 2, 6, 7, 16, 27, and 31 ͑darker beads͒. ͑b͒ Structure after 1000 ES, displaying q seq ϭ0.12 and q str ϭ0.14 to the initial structure, but the core is the same ͑the only difference is the relative stabilization of residue 9 and the destabilization of residue 7͒. ͑c͒ The structure after 4525 ES, displaying a different core ͑residues 3, 8, 13, 16, 31, 34͒.
FIG. 8. The evolution of the parameter h(i) which defines the position of the core for the simulation of evolution performed at p th ϭ0. 15. designability. 25 Designability is indeed important for evolution, but due to evolutionary dynamics bias. 22 Furthermore, we observe that simulated evolution produces only divergent pathways. The average structural similarity ͗q str (⌬t)͘ is a decreasing function of time and fluctuations are very small. Thus, in average, proteins becomes more structural dissimilar as time goes by and, within the assumptions of the model, never converge again. Although it is not possible to exclude that in billions of years some fluctuation has created pairs of structurally similar proteins beyond their structural correlation time ( b ), this cannot be the typical, average mechanism. The present simulations are then not compatible with convergent evolution: structurally similar proteins are always homologous. It is certainly possible that convergent evolution is a consequence of evolutionary features which are not implemented here, such as functional requirements. Nonetheless, an important conclusion of this simplified model is that it is not necessary to introduce convergent evolution to account for the experimental data.
The presence of a highly conserved core of strongly interacting contacts seems to be an important feature of model evolution. This in an important result, because from the point of view of the Hamiltonian of the model, no site of the protein is advantaged with respect to the others, and consequently the core we observe is an emergent property of the system. Its position has a persistence in time which is longer than those of sequence and structure, indicating that studying its evolution ͑locating it by mean of static energy calculations performed, for example, with classical energy functions͒ could be a precious tool to compare proteins which evolved beyond their sequence correlation time. These results agree and complete those described in Ref. 19 about the conservation in protein families of residues important for stability and kinetics.
Since the core is responsible for the stability of the protein, its evolution is a key issue. Essentially, it cannot evolve on its own, since mutations in core sites cause destabilization of the whole protein. It can evolve because the surrounding residues can join the core or turn a core site into a normal site. In this perspective, both changes in the core and in the whole structure of the protein are collections of small steps, the system never displaying large conformational changes.
